Study design: A cross-sectional observational study. Objectives: The aim of this study is to compare the apparent diffusion coefficient (ADC) and fractional anisotropy (FA) between patients with cervical spondylotic myelopathy (CSM) with and without high T2-weighted signal intensity, and to correlate each parameter with clinical assessments. Setting: CSM is a common cause of spinal cord dysfunction. The significance of T2 high signal intensity in the prognosis of CSM remains controversial. Methods: Diffusion tensor imaging was performed at the cervical spinal cord in 40 patients with CSM and 42 healthy subjects. Patients with high signal intensity were separated from those without high signal intensity. ADC and FA values were compared among different groups, and the correlation between each parameter and the modified Japanese Orthopedic Association (mJOA) score was examined. Results: The ADC and FA values of C2/3 differed significantly from those of C5/6 and C6/7 in healthy subjects. Patients with CSM had a higher ADC but a lower FA value than did healthy subjects. In all patients with CSM, there was a negative linear correlation between ADC and mJOA score, but FA value correlated positively with mJOA score. Secondary analysis suggested that FA value in patients with high signal intensity was lower than that in patients without high signal intensity. FA value showed a positive linear correlation with mJOA score in the patients with high signal intensity but not in the patients without high signal intensity. Conclusions: Patients with high signal intensity may have more severe spinal cord injury than patients without high signal intensity, and FA may be a useful indicator of functional status in patients with CSM with high signal intensity.
INTRODUCTION
Cervical spondylotic myelopathy (CSM) is a common disease caused by progressive degenerative vertebral column abnormalities that lead to spinal cord injury. 1,2 Magnetic resonance imaging (MRI) is the main modality used to diagnose CSM, assess the degree of spinal canal stenosis and evaluate the intramedullary state of the spinal cord. The presence of intramedullary high signal intensity on a T2-weighted image (T2HSI) may reflect chronic spinal cord compression. However, the significance of T2HSI in the prognosis of CSM remains controversial. Some studies suggested that T2HSI indicates a poor prognosis after surgical intervention, 3 but others showed that T2HSI may not correlate with postoperative neurologic improvement in patients with CSM. 4 MRI has been widely utilized to assess the degree of spinal cord impairment in patients with chronic traumatic spinal cord injury, multiple sclerosis and spondylotic myelopathy. [5] [6] [7] [8] [9] Although several grading systems have been used to evaluate changes in MRI signal after spinal cord injury, 10, 11 a reliable method to quantitatively assess signal intensity in patients with CSM remains to be established. [12] [13] [14] [15] Diffusion tensor imaging (DTI) is considered to be more advantageous than conventional MRI because it can detect and quantify microstructural abnormalities. 5, [16] [17] [18] [19] Recently, Jones et al. 20 investigated the relationship between DTI parameters and clinical assessment in patients with CSM, and found that fractional anisotropy (FA) value correlated strongly with the modified Japanese Orthopedic Association (mJOA) score and Nurick score. Wen et al. 21 showed not only that FA correlated positively with mJOA score, but it may also be indicative of surgical outcome with using logistic regression analysis. However, potential functional outcome cannot be inferred by the presence of T2HSI on MRI. In our pilot study, which included only 10 patients with CSM with T2HSI and 10 healthy volunteers, we failed to find any positive correlation, possibly because of the small sample size and the selection bias in patient severity. 22 Therefore, we expanded the sample size in the current study and incorporated not only patients with T2HSI but also those without T2HSI.
DTI parameters and high signal intensity represent two different modalities for evaluating the neurologic state of the spinal cord. Yet, few researches have compared the two modalities within the same study. For the first time, we compared the parameters of ADC and FA between two subgroups of patients with CSM-those with and without high signal intensity-to examine the correlation of each parameter with clinical assessment in these patients. We hypothesized that correlation between certain DTI parameter and mJOA score, which represents an indicator of functional status, differs between patients with and without high signal intensity.
MATERIALS AND METHODS

Eligibility criteria
This study was approved by the Ethical Committee of Luhe Hospital, Beijing, China. Forty patients (22 men and 18 women, average age 55.6 ± 11.9 years, range 30-69 years) diagnosed with CSM were recruited from February 2011 to February 2015 in Beijing Luhe Hospital (Beijing, China). The average BMI (body mass index) was 26 ± 3.7 kg m − 2 . All qualifying patients had clinical symptoms (neck pain, stiffness, motion dysfunction, upper extremity weakness or sensory symptoms) that had persisted longer than 6 weeks, and they showed significant spinal cord compression on radiologic examination (ossification of the ligament flavum, cervical disc herniation and cervical spinal stenosis). Patients were excluded if they had previous head or brain lesion associated with trauma, cerebral palsy, rheumatoid arthritis or spine disease including tumors.
Based on signal intensity on cervical T2-weighted MRI images, patients with CSM were further divided into two subgroups: those with high signal intensity (HSI-CSM) and those without high signal intensity (control-CSM). High signal intensity was determined by two experienced surgeons. If the two surgeons had different opinions on evaluation, a third surgeon was called in to help making the final judgment. For the control group, we included 42 age-matched healthy volunteers without any history of neurologic or psychiatric illness (including cervical spine or spinal cord lesion), and without abnormal signal on MRI (no compressive lesions on T2-weighted MRI, including CSM, ossification of the posterior longitudinal ligament, ossification of the ligament flavum, cervical disc herniation and cervical spinal stenosis). The average age of the healthy subjects was 51.2 years (range 24-69). Informed consent was obtained from both patients with CSM and healthy participants.
Image acquisition and processing
As described in our previous study, 22 all examinations were performed with a 1.5 T MRI scanner (Signa Excite; GE Medical Systems, Milwaukee, WI, USA). The conventional MRI sequence parameters of the cervical spinal cord were as follows: (1) A physician performed the region of interest (ROI) measurements using the commercially available software ADW 4.3 (GE Medical Systems), which has been described in detail in our previous published article. 22 In the healthy subjects, region of interest was placed at five levels from C2/C3 to C6/C7, with the sagittal T2-weighted images used as references. For healthy subjects, five region of interests were chosen at each level with caution to avoid partial volume effects from cerebrospinal fluid. All the measurements were averaged across five region of interests for each level, and measurements for each healthy subject were averaged across five levels. For patients with CSM, five region of interests were drawn at the lesion with the most severe compression on T2-weighted MRI.
Functional assessment
All patients with CSM were evaluated by the mJOA score, which has been validated as a reliable outcome measurement in patients with CSM. A mJOA score between 15 and 17 was defined as mild symptomatology, a score between 11 and 14 was defined as moderate symptomatology and a score lower than 11 was considered severe.
Statistical analysis
Statistical analysis was carried out with SPSS version 18.0 (Chicago, IL, USA). One-way analysis of variances was used to compare data among healthy subjects, patients without high signal intensity and patients with high signal intensity. The Tukey honest significant difference post hoc test was used to compare specific data points. Bonferroni correction was applied for multiple comparisons. Correlations of DTI metrics with mJOA scores were calculated with Spearman's correlation analysis. Two-tailed tests were performed, and numerical data are expressed as mean ± s.e.m.; Po0.05 was considered significant in all the tests.
RESULTS
Cervical spinal cord DTI parameters in healthy subjects
In healthy subjects, ADC value showed an ascending trend from C2/3 to C6/7 of cervical spinal cord, whereas FA value showed a descending trend. The ADC and FA values of C2/3 were significantly different from those of C6/7 (Table 1, ADC: F = 3.546, P = 0.008; FA: F = 13.82, Po0.001). The average age and BMI were not significantly different among healthy subjects, patients without high signal intensity and patients with high signal intensity. (P ⩾ 0.352).
Comparisons of DTI parameters among different groups DTI parameters at different cervical levels were averaged in healthy subjects for comparison with those of patients with CSM. The ADC values at the most severe compression levels in patients with high signal intensity and in patients without high signal intensity were significantly greater than those of the healthy subjects (Table 2, Po0.001). The ADC values were not significantly different between patients with high signal intensity and patients without high signal intensity (P = 0.767). The FA values in all patients with CSM were significantly lower than those of healthy subjects (Po0.001). The FA value in the patients with high signal intensity was lower than that in the patients without high signal intensity. Correlation between DTI indexes and mJOA scores in patients with CSM The mJOA scores of patients without high signal intensity were significantly higher than those in the patients with high signal intensity (P = 0.034). Neither FA (r = 0.329, P = 0.156) nor ADC (r = − 0.287, P = 0.220) showed correlation with mJOA scores in patients without high signal intensity (Figure 1) . However, in patients with high signal intensity, FA values showed a significant positive correlation with mJOA score (r = 0.359, P = 0.005, Figure 2 ), whereas ADC values did not (r = − 0.287, P = 0.220). When we combined all patients' data, both FA values (r = 0.5539, P = 0.0002) and ADC values (r = − 0.3121, P = 0.049) showed significant linear correlations with mJOA scores (Figure 3 ).
DISCUSSION
In 1987, Takahashi et al. 23 first described T2 high signal intensity of the spinal cord in patients with CSM, and suggested that it might correlate with postoperative prognosis. Because T2 high signal intensity was thought to reflect pathologic changes in the spinal cord, it was extensively studied in patients with CSM for its potential to indicate surgical outcome. 3, 24 However, other investigators have challenged this notion. 25, 26 This disparity may be due in part to previous studies that focused merely on changes in signal intensity and their direct correlation with surgical outcome but did not carefully grade the changes in MRI signal that might reflect injury severity. 27 Different methods have been used in previous studies to quantify changes in signal intensity and examine their relevance to clinical outcome. For example, T2 high signal intensity was initially quantified by into five grades of ascending severity (0, none; to 4, very intense). Yet, as this grading system was overly meticulous for classifying signal changes, some investigators preferred to use a more simplified scale (0, absent; 1, obscure; and 2, bright). 26, 28 Chen et al. 29 suggested that Type 2 T2 high signal intensity might indicate a poorer surgical outcome than Type 1. Although in an earlier study, Yukawa et al. 30 proposed that classification of T2 high signal intensity may be a good predictor of surgical outcome, their recent study failed to demonstrate significant correlation between the two. 31 Several reasons may account for this apparent discrepancy. For instance, although MRI can help doctors to assess morphologic changes and the intramedullary state of the spinal cord, it is very difficult to use preoperative MRI to predict future functional recovery of the spinal cord without quantitative analysis. Furthermore, because the sequence of parameters is often individually selected for each patient, MRI signal intensity varies greatly between subjects. 4 DTI is a reliable method for quantifying the microstructural abnormalities of the cervical spinal cord in patients with CSM, 5, [17] [18] [19] and many have suggested the correlation of DTI parameters with clinical severity. 20, 21 In our previous study, we confirmed that DTI parameters of the cervical spinal cord in patients with high signal intensity were significantly different from those in healthy subjects. 22 DTI parameters and T2 high signal intensity are two different methods to evaluate the neurologic state of the spinal cord. So far, no study has compared DTI parameters between patients with CSM with high signal intensity and those without high signal intensity. Our current study showed for the first time that FA value in patients with high signal intensity was significantly lower than that of the patients without high signal intensity. In contrast, ADC values showed no significant difference between the two groups. These novel findings suggest that patients with high signal intensity may have more severe intramedullary injury than those without high signal intensity, and that FA value may be a useful indicator of injury severity. Interestingly, DTI is believed to detect pathologic changes of the white matter, whereas T2 high signal intensity may mostly reflect pathologic changes of the gray matter. 32, 33 Al-Mefty et al. 32 reported that intramedullary changes of the spinal cord on MRI coincided with pathologic changes in the gray matter, which includes loss of motor neurons, necrosis and cavitation. Ohshio et al. 33 suggested that the signal pattern of T1 hypointensity/T2 hyperintensity changes indicated necrosis, myelomalacia and spongiform change in the gray matter. It is possible that because white matter is likely to be compressed first in patients with CSM, gray matter injury would then indicate that severe white matter injury has occurred.
Neither ADC nor FA value exhibited a correlation with mJOA scores in patients without high signal intensity. However, FA value showed a strong positive correlation with mJOA score in patients with high signal intensity. In light of potential selection bias of patient severity when performing linear correlation analysis in each subgroup, we also combined all patients' data for analysis. FA value showed a significant positive correlation with mJOA score in all patients with CSM; hence FA may be a useful indicator of functional status in patients with CSM, especially those with high signal intensity. Current finding is in line with the notion that FA may be a sensitive biomarker for axonal dysfunction and demyelination. 34 Our study may have some limitations, including the limited sample size, suboptimal spatial resolution and signal-to-noise ratio with the 1.5 T MRI scanner. A future study with a large sample size that includes postoperative neurologic assessment of patients with CSM is warranted. In addition, as high signal intensity is a qualitative parameter rather than a quantitative parameter, inter/intra-observer reliability analysis of the data will also be helpful to correlate the analysis between DTI parameters and postoperative clinical score.
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